Prior binding of EF -G and GDP to 70S ribosomes from Escherichia coli prevents the subsequent binding of aminoacyl-tRNA, mediated by EF Tu. However, the interaction of EF Tu GTP-aminoacyl-tRNA with the 30S subunit, which results in aminoacyl-tRNA binding without GTP hydrolysis, appears to be unaffected by EF G, GDP, and fusidic acid. We conclude that elongation factors Tu and G cannot interact simultaneously with the ribosome. The simplest interpretation of these and earlier data is that EF G and EF Tu interact with the same, or overlapping, 50S ribosomal sites in the course of GTP hydrolysis associated with translocation and aminoacyltRNA binding, respectively. In any event, these factors must alternate in binding to the ribosome in the course of each elongation cycle. Establishing the spatial and functional relationship of these interactions is a crucial step in understanding the mechanism of ribosome function in protein synthesis. Toward this end, we have performed experiments to determine if a ribosome can interact simultaneously with the two elongation factors.
Elongation of chains during protein synthesis requires the transient interaction of the ribosome with the soluble elongation factors EF G and EF Tu (for a recent review, see ref. 1).
Establishing the spatial and functional relationship of these interactions is a crucial step in understanding the mechanism of ribosome function in protein synthesis. Toward this end, we have performed experiments to determine if a ribosome can interact simultaneously with the two elongation factors.
It has been known for some time that the hydrolysis of GTP mediated both by EF G (2) and by EF Tu (3) occurs upon the 50S ribosomal subunit. The first suggestion that these two interactions might involve the same physical region of the particle came with the observation that a single antibiotic, thiostrepton, interacts specifically with the 50S ribosomal subunit, and prevents its interaction with both elongation factors, EF G (4, 5) and EF Tu (6, 7) . This conclusion was further strengthened by the finding that the binding of thiostrepton to the ribosome was prevented by the prior binding of factor G and GDP (8) .
The experiments reported here indicate that ribosomes bearing factor G and GDP are unable to bind the EF Tu GTP~aminoacyl-tRNA complex. These results suggest that EF G and EF Tu interact with either the same or overlapping regions of the 50S ribosomal subunit.
MATERIALS AND METHODS
Preparation of Materials. EF G and ribosomes washed with a buffer containing a high concentration of salt were prepared Abbreviations: Designations for the elongation factors Tu and G (EF Tu and EF G, respectively) conform to the nomenclature adopted at the symposium, "Translation: Its Mechanism and Control," held at the Fogarty International Center, NIH, November [8] [9] [10] 1971 . * This is paper no. XII in the series "Studies on Translocation."
The preceding paper is Bodley and Godtfredsen, Biochem. Biophys. Res. Commun., in press. 686 as described (8) , while EF Tu -GGDP was l)repared by a modification of the method of Miller and Weissbach (9) .
[3H ]Phe-tRNA and [14C ]Phe-tRNA (5400 and 637 cpm/ pmol, respectively) were prepared as described (10) . Ribosomal subunits were prepared by zonal centrifugation (11) .
Binding of Aminoacyl-tRNA. Aminoacyl-tRNA was bound to the ribosome in two stages. The objective of the first stage (Stage I) was to generate the EF Tu GTP-Phe-tRNA complex from Tu GDP and Phe-tRNA by the use of phosphoenolpyruvate and pyruvate kinase, as described by Weissbach et al. (12) . The second stage (Stage II) involved the poly(U)-directed binding of Phe-tRNA to the ribosome. Both incubations were conducted at 00 in a buffer containing: 10 mM Tris-HC1 (pH 7.4)-10 mM magnesium acetate-10 mM NH4Cl-1 mM dithiothreitol.
Stage I incubation was for 10 min, and contained the following components in addition to the above buffer: phosphoenolpyruvate, pyruvate kinase, EF Tu-GDP, ribosomes, and either [3H]-or ['4C]Phe-tRNA, as indicated.
Stage II incubation was initiated by the addition of poly(U), and was terminated by Millipore filtration analysis of ribosome-bound Phe-tRNA (10) . The filters were washed with the same buffer used in the reaction, except that it did not contain dithiothreitol. All data are based on the analysis of 50-gl reactions.
Formation of the Ribosome -EF G. GDP Complex. In order to examine the aminoacyl-tRNA binding activity of the ribosome*EF G GDP complex, it was necessary in most cases to form this complex before the Stage II incubation by supplementation of the Stage I incubation mixture with GTP, fusidic acid, and EF G.
RESULTS
Effect of EF G, GDP, and fusidic acid on EF Tu * GTP Phe-tRNA binding Fig. 1 compares the rates of EF Tu-mediated binding of Phe-tRNA to ribosomes and to ribosomes complexed with EF G and GDP, as stabilized by fusidic acid. As expected, binding in the first case is rapid; in the second case, however, binding proceeds more slowly and reaches less than half the extent. In the experiment described by the closed circles, ribosomes were incubated with GTP and fusidic acid before and during aminoacyl-tRNA binding. The The reaction was similar to that described in Fig. 1 (Fig. 1) is roughly equal to the rate of dissociation of bound GDP, observed previously under similar conditions (8) , and, in the initial stages of the reaction, inhibition of aminoacyl-tRNA binding is essentially complete (Fig. 2) . Substrate, rather than catalytic, concentrations of G factor are required for the binding of GDP to the ribosome (13) . As illustrated by the experiment in Fig. 3 , substrate concentrations of G factor are also required to prevent the binding of aminoacyl-tRNA. In the presence of fusidic acid, 50% inhibition of aminoacyl-tRNA binding occurs at an EF G to ribosome molar ratio of about 0.3t. This experiment also demonstrates that even in the absence of fusidic acid, sufficiently.high concentrations of EF G depress aminoacylt-RNA binding.
Binding to subunits
In the normal course of protein.synthesis, EF Tu mediates the binding of aminoacyl-tRNA only to the 70S ribosome. Recently, however, it has been shown that this binding can also occur, although inefficiently, on the 30S subunit in the presence of GTP; unlike the binding on the 70S ribosome, the 30S binding does not lead to GTP hydrolysis (14) . Since all of the interactions between the ribosome and EF G appear, in contrast, to be restricted to the 50S subunit (2), EF G, GDP, and fusidic acid should not inhibit aminoacyl-tRNA binding to the 30S subunit.
The experimental test of this possibility is difficult for two reasons. First, binding to the 30S subunit is considerably slower than to the 70S ribosome (14) , while the degree of inhibition of aminoacyl-tRNA binding to the 70S ribosome by EF G-GDP is (Fig. 2) less pronounced upon prolonged incubation. Secondly, even very slight contamination of 30S preparations by 50S subunits could obscure the results because of the faster, more efficient reaction of the 70S particle.
In Table 2 , we have compared the aminoacyl-tRNA binding activity of ribosomal subunits with that of 70S ribosomes, with or without added EF G. Fusidic acid and GTP were present throughout. The small amount of binding by the 50S subunit preparation presumably reflects contamination by 30S subunits, but this binding, like that observed with combined subunits or with 70S ribosomes, was significantly suppressed by the addition of EF G (about 60%).
Binding to the 30S subunit preparation, in contrast, was inhibited only 22% by EF G, and, in the light of the arguments developed above, this inhibition most likely results from minor contamination by 50S subunits. In agreement with these results, the amount of bound aminoacyl-tRNA was considerably increased by the addition of 50S subunits after equilibration of 30S subunits with EF Tu-GTP aminoacyl-tRNA, but this increase was prevented by EF G, GDP, and fusidic acid (Fig. 4) .
DISCUSSION
Elucidation of the functional topology of the ribosome constitutes one of the major challenges to defining the mechanism of gene expression. While several partial or complete functions in protein synthesis can be ascribed to the ribosome in general, the individual structural elements of this particle that are involved in these processes are unknown, as are the spatial relationships among the ribosomal sites of these various reactions.
All ribosomes are composed of two readily dissociable subunits. The larger subunit (50S in bacterial species), an aggregate of nearly 40 distinct molecular species, contains I This calculation is based on the assumption that only half the ribosomes are active in binding EF G*GDP (13) , and on the previous definition (8) of factor G units. the element(s) (peptidyl transferase) that (is/are) directly responsible for peptide-bond formation per se (15) . In addition, the 50S subunit appears to contain at least a portion of the two ribosomal sites involved in tRNA binding (the socalled A and P sites), as well as the sites of the interaction with elongation factors Tu and G that leads to the hydrolysis of GTP that occurs in the course of aminoacyl-tRNA binding and translocation, respectively.
Fusidic acid, an inhibitor of protein synthesis, prevents the dissociation from the ribosome of EF G and GDP (16, 17) , and thereby offers a means to test whether the ribosome can interact simultaneously with EF G and EF Tu. The present experiments indicate that the binding of EF G to the ribosome prevents the binding of EF Tu GTP-aminoacyl-tRNA. It appears, therefore, that the ribosome cannot interact simultaneously with these two proteins. The simplest interpretation of this observation is that these two proteins interact with the same, or physically overlapping, regions of the 50S ribosomal subunit, a possibility first suggested by Modolell et al. (6) and by Cundliffe (7) . This interpretation is supported by the fact that a single antibiotic, thiostrepton, binds to the 50S subunit and prevents its interaction with both factors (4-7), and that the binding of EF G and GDP to the 50S subunit prevents the binding of thiostrepton (8), and, as demonstrated here, also prevents the binding of EF Tu*GTP aminoacyltRNA. Additionally, a single protein of the 50S ribosome appears to be obligatory for the interaction of both factors with the ribosome (18) . An allosteric, rather than a steric, explanation of these relationships is not ruled out by the available evidence, but the allosteric mechanism seems to be less likely in view of the relative complexity that it would require.
The nature of the ribosomal involvement in GTP hydrolysis mediated by factors EF G and EF Tu remains to be established, as does the relationship between these hydrolytic events and translocation and aminoacyl-tRNA binding, respectively, for which these hydrolysis reactions are presumed to provide the driving force. The reactions were identical to those in Fig. 3 
